The WTH3 gene's biological characteristics and relationship to multidrug resistance (MDR) were investigated further. Results showed that WTH3 was mainly located in the cytosol and capable of binding to GTP. In addition, WTH3's promoter function was significantly attenuated in MDR (MFC7/AdrR) relative to non-MDR (MCF7/WT) cells. Advanced analyses indicated that two mechanisms could be involved in WTH3's down-regulation: DNA methylation and trans-element modulations. It was found that the 5Vend portion of a CpG island in WTH3's promoter was hypermethylated in MCF7/AdrR but not MCF7/WT cells, which could have a negative effect on the WTH3 promoter. This idea was supported by the observation that a 45-bp sequence (DMR45) in this differentially methylated region positively influenced promoter activity. We also discovered that different nuclear proteins in MCF7/AdrR and MCF7/WT cells bound to methylated or nonmethylated DMR45. Moreover, a sequence containing a unique repeat that was also a positive cis-element for the promoter was attached by different transcription factors depending on whether they were prepared from MCF7/AdrR or MCF7/WT cells. These molecular changes, apparently induced by drug treatment, resulted in WTH3's down regulation in MDR cells. Therefore, present studies support previous observations that WTH3, as a negative regulator, participates in MDR development in MCF7/AdrR cells. (Cancer Res 2005; 65(16): 7421-8) 
Introduction
Multidrug resistance (MDR) often complicates the effectiveness of chemotherapeutic agents in treating various malignancies. Several MDR-related genes, such as MDR1 and MRP, have been identified (1) (2) (3) (4) . Previously, we employed the methylation sensitiverepresentational difference analysis (MS-RDA) technique to study DNA hypermethylation events in MCF7/AdrR versus MCF7/WT, which led to the discovery of WTH3 (5), a homologue of the Rab6 and Rab6c genes that belong to the ras super family (6) (7) (8) (9) (10) . WTH3 encodes a 254-amino-acid (AA) polypeptide with 22 and 19 substitutions compared with Rab6 (8, 10) and Rab6c (7, 9) , respectively. WTH3 also contains an elongated COOH terminus with no cysteine for posttranslational modification (geranylgeranylation), which indicated that it could have diverse biological uses compared with Rab6 (11, 12) . Earlier studies found that WTH3 was down-regulated in MDR cell lines, and introducing it into those lines reversed the MDR phenotype to various anticancer drugs (5) . These findings suggested that WTH3 could play an important role in MDR development.
To further understand WTH3's biological functions, we recently examined the WTH3 protein's GTP binding activity and cellular location compared with Rab6c. Similar to Rab6c, WTH3 was capable of binding to GTP but displayed a notably different cellular distribution pattern. To comprehend its correlation with the MDR phenotype and the mechanisms influencing the down-regulation of WTH3 in MDR cells, we examined the DNA methylation status (an epigenetic machinery for repressing gene expression in mammals; refs. [13] [14] [15] [16] [17] of the WTH3 gene promoter in MCF7/AdrR and MCF7/WT cells and possible cis-and trans-element involvement. Thus, we found that differential DNA methylation, cisresponsible elements, and transcriptional factor modulation participated in manipulating WTH3 gene expression in MDR versus non-MDR cells. Therefore, present studies supplied additional evidence to support the previous view that the WTH3 gene functions as a negative regulator in MDR phenotype development in MCF7/AdrR cells.
Materials and Methods
Cell lines. MCF7/AdrR and MCF7/WT were grown under the conditions as described (5, 9) .
Purification of GST/WTH3 and GST/Rab6c fusion proteins. To purify the GST/WTH3 fusion protein, sense (5V -CGGGATCCATGTCCGCGGGCG-GAGACTTCG-3V ) and antisense (5V -CGAATTCTAGCTAATAGATCATCTC-CACG-3V ) primers containing a BamHI and EcoRI restriction site were used for PCR to amplify the coding region of WTH3. PCR fragments were cloned into the BamHI and EcoRI sites of the pGEX vector (Amersham, Piscataway, NJ) to generate pGEX/WTH3. A sense (5V -CGGGATCCTCTAGTTCCA-CAATGTCC-3V ) and antisense primer (5V -CGAATTCATGGAGATTAGCAG-GAAC-3V ) containing a BamHI and EcoRI site were used to do PCR to obtain pGEX/Rab6c. The constructs and pGEX were transformed into Escherichia coli. Fusion protein inductions and purification were carried out as described (7) . The protein purification was confirmed by SDS-PAGE gel and Western analysis using the glutathione S-transferase (GST) antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
GTP;S binding assay. Five hundred nanograms of purified GST, GST/ WTH3, and GST/Rab6c were tested for GTPgS binding ability. The experiments were done as previously described (7) . Briefly, each sample was incubated with f1.5 Â 10 7 cpm of [S 35 ]GTPgS in a binding buffer for 60 minutes. After terminating the reaction, the samples were filtered through nitrocellulose membranes and the amount of [S 35 ]GTPgS bound with each sample was measured in a scintillation counter. Nonspecific bindings were assayed with samples containing 0.1 mmol/L of unlabeled GTPgS. The experiments were done thrice.
Construction of WTH3 and analysis of its cellular location in HeLa cells. The WTH3 coding region was amplified by PCR where the sense primer (5V -GCAAGCTTCTAGTTCCACCATGTCCG-3V ) and antisense primer (5V -CGGAATTCGCTTGTCAAGCTAATACTCC-3V ) containing the HindIII and EcoRI site were used. PCR fragments of WTH3 were cloned into corresponding sites of pEGFP-C1 (Clontech, Mountain View, CA) to generate pEGFP/WTH3. A sense (5V -CGGAATTCAATGTCCACGGGCGGA-GAC-3V ) and antisense primer (5V -CAGGATCCGGTTGAAGATGACATG-GAG-3V ) containing an EcoRI and BamHI site were used for PCR to amplify Rab6c that was then cloned into pDsRed2-C1 (Clontech) to generate pDsRed/Rab6c. These constructs and the empty vector were transiently transfected, in parallel, into HeLa cells using the Lipofect-AMINE Plus Transfection Kit (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. After 24 hours, the cells were inspected under a confocal microscope.
Identification and isolation of the WTH3 gene promoter. Information about the WTH3 gene promoter was obtained from the NIH Genbank (accession nos. AF309646, AC079776, AC018865, AL136727, and BC044241). A sense (S-1) 5V -GGGGTACCCCGGTTTCTGACCTCTCACAGAGACG-3Vand antisense primer (AS-1) 5V -GAAGATCTTCGGTGGAACTAGAGGAGC-TGTCG-3V containing a KpnI and BglII site were designed for PCR amplification. The PCR fragment covered a 679-bp fragment from position À679 to À1. Genomic DNA isolated from blood mononuclear cells of a healthy individual was used as a template for PCR using the GC-Rich PCR Amplification Kit (Roche, Indianapolis, IN) following the manufacturer's instructions. PCR fragments were cloned into the luciferase reporter plasmid, pGL3 (Promega, Madison, WI), to generate pGL/WTH3P. The amplified WTH3 promoter in pGL/WTH3P was sequenced (Genewiz, Inc., North Brunswick, NJ).
Transient transfection and luciferase assays. pGL/WTH3P and pGL3 were transiently transfected into MCF7/WT to determine the WTH3 promoter's activity. To explore whether the promoter was differentially regulated, pGL/WTH3P was transfected in parallel into MCF7/AdrR and MCF7/WT cells. In brief, 0.2 Ag of the empty vector (negative control) or luciferase reporter construct was transfected along with 0.2 Ag of pCMV/hgalactosidase when the cells (seeded onto 24-well plates) reached 50% to 70% confluence. After 24 hours, luciferase and h-galactosidase activity was measured using the Stady-Glo Luciferase Assay System and Beta-Glo Assay System (Promega) according to the manufacturer's instruction. Luciferase activities of transfectants were compared after normalizing their hgalactosidase activities and protein concentrations. The experiments were repeated four times.
Semiquantitative reverse transcription-PCR. Total RNAs were isolated from MCF7/AdrR and MCF7/WT cells by the High Pure RNA Isolation Kit (Roche). Semiquantitative reverse transcription-PCR was done using the Titan One tube RT-PCR system based on the manufacturer's protocol (Roche). The sense and antisense primers for WTH3 were 5V -GATGGAACAATCGGGCTTCG-3Vand 5V -GCTGCTACACGTC-GAAAGAGC-3V (5). The sense and antisense primers for MDR1 were 5V -CCTATCATTGCAATAGCAGG-3V and 5V -GTTCAAACTTCTGCTCCTGA-3V . The sense and antisense primers for b-actin were 5V -GACGACATGGA-GAAGATCTGG-3V and 5V -ATCGGGCAGCTCGTAGCTCTTC-3V (9) . The length of the WTH3, MDR1, and b-actin PCR product was 341, 167, and 495 bp, respectively. PCR and quantification of PCR products were done as described (5, 9) .
Genomic DNA purification and bisulfite genomic DNA sequencing assay. Genomic DNAs were isolated from MCF7/AdrR and MCF7/WT cells as described and treated with bisulfite using the CpG Genomic DNA Modification Kit (Chemicon, Temecula, CA) following the manufacturer's protocol. The treated DNAs were used as templates for PCR amplification. Two paired PCR primers were designed to cover the GC-rich region (À508 to 58) in the WTH3 gene promoter. The sense and antisense sequences for the first paired primers (S/bis-1 and AS/bis-1) were 5V -GTTTTAGTTTTGGGAAGTTAAAG-3V and 5V -CCAAAAACACCAACTTAAA-TTTCCTCAA-3V . The amplified sequence was from À306 to 58. The sense and antisense sequences for the second paired primers (S/bis-2 and AS/ bis-2) were 5V -GTGTATTTAAAAAATTGTGTTGAGG-3V and 5V -CCAAAAA-TATACTTTAACTTCCCAAAAC-3V . The amplified sequence was from À505 to À283. PCR amplification (50 AL) was done in a reaction containing 50 ng of bisulfite-treated DNA, 200 Amol/L of each deoxynucleoside, 3.5 mmol/L of MgCl 2 , and 0.25 unit Taq Polymerase Gold. Conditions for doing 35 cycles of PCR were 94jC for 45 seconds, 55jC for 1 minute, and 72jC for 1 minute. PCR products were cloned into pGEM-TEasy (Promega) for transformation. Ten to 20 colonies derived from MCF7/AdrR or MCF7/WT were randomly picked and sequenced (Genewiz).
Electrophoretic mobility shift assay. Electrophoretic mobility shift assay (EMSA) was done using several probes to examine their binding patterns by the nuclear extracts prepared from MCF7/AdrR and MCF7/ WT cells. Nuclear extracts were generated according to the method of Dignam et al. (18) , and protein concentrations were determined by the Protein Assay Kit (Bio-Rad, Hercules, CA). Four probes were prepared for EMSA assays. Probes 1 and 2 covered the same region, À436 to À391, which was differentially methylated (the forward and reverse sequences were 5V -GCTGCGGCGGCGGCGGCTGGGGAAGCCGAAGCGCCGCG-CGTGAGA-3V and 5V -TCTCACGCGCGGCGCTTCGGCTTCCCCAGC-CGCCGCCGCCGCAGC-3V ). The nine CpGs in probe 1 (DMR45) were not methylated, whereas those in probe 2 (mDMR45) were methylated with CpG methylase (NEB, Ipswich, MA). Successful methylation of probe 2 was confirmed by HhaI digestion, which recognizes the GCGC sequence but not G m CGC. Probe 3 covered the sequence from À164 to À134 that only contained the full-length repeat (RR28; the forward and reverse sequences were 5V -GCCCTCCAGCCGGGCTCCTCCAGCC-GGGCTCCTC-3V and 5V -GAGGAGCCCGGCTGGAGGAGCCCGGCTG-GAGGGC-3V ). Probe 4 covered the sequence from À164 to À122 that included the repeat and putative Sp1 motif (RRSp1; the forward and reverse sequences were 5V -GCCCTCCAGCCGGGCTCCTCCAGCCGGGC-TCCTCCACCGGCCC-3V and 5V -GGGCCGGTGGAGGAGCCCGGCTGGAG-GAGCCCGGCTGGAGGGC-3V ). The probes were generated by annealing the forward and reverse oligonucleotides, followed by end-labeling using T4 polynucleotide kinase in the presence of [g-32 P]dATP. To do EMSA, f1 ng of the labeled probe was mixed with 5 Ag of nuclear protein in a 20 AL binding buffer [25 mmol/L HEPES (pH 7.6), 50 mmol/L NaCl, 3 mmol/L MgCl 2 , 25 mmol/L KCl, 1 mmol/L DTT, and 10% glycerol] containing 2 Ag of poly(deoxyinosinic-deoxycytidylic acid). For competition experiments, 100-fold molar excess of unlabeled double strand probe was added into the reaction mix for 30 minutes at room temperature before the addition of the labeled probe. After incubation for 30 minutes, the reaction mixture was separated on a 4% nondenaturing-PAGE gel that was vacuum-dried and subjected to autoradiography using the STORM 840 PhosphorImager (Amersham). Super EMSA experiments were done in the presence or absence of 1 Ag of nuclear factor-nB (NF-nB), WT1, or the Sp1 antibody (Santa Cruz Biotechnology) for 30 minutes and analyzed on a 4% nondenaturing-PAGE gel. For each probe, the experiments were repeated thrice.
Construction of the WTH3 promoter with deletion mutants for luciferase assay. DMR45, RR14 (half of the repeat sequence), and RRSp1 were deleted from the original promoter sequence and constructed into pGL3 to create pGL/WTH3/DMR45 À , pGL/WTH3/RR14 À , and pGL/WTH3/ RRSp1 À . To delete DMR45, an antisense primer (AS-2) 5V -CTCAG-CAGGTTGG!GATCCCGGATACATCTGC-3V , which represented the flanking sequences on both sides of DMR45, was paired with the S-1 primer to do the first round of PCR, where the pGL/WTH3P plasmid was used as a template. The same strategy was used to take out the RR14 and RRSp1 regions. To delete RR14, an antisense primer (AS-3) 5V -GGCCGGTGGAG-G!AGCCCGGCTGGAGGGCAGCA-3V , which represented the flanking sequences of a single repeat unit, was paired with the S-1 primer. To delete RRSp1, an antisense primer (AS-4) 5V -CTCTGCGCCCCTG!-AGGGCTCGCCACAGACTGGC-3V , which represented the flanking sequences on both sides of the RRSp1 motif, was paired with the S-1 primer. The PCR product of each deletion mutant was gel purified and used as a sense primer that was paired with the antisense primer, AS-1, to do a second round of PCR. Conditions for this PCR were the same as the first round except that the annealing temperature was reduced to 40jC in the first five cycles. The resulting PCR fragments were cloned into pGL3. Success for creating the deletion mutants was confirmed by DNA sequencing. Activities of the mutated versus wild-type promoters in MCF7/WT and MCF7/AdrR were evaluated by luciferase assays as described. The experiments were done four times.
Results
GST, GST/WTH3, and GST/Rab6c fusion proteins were purified and the WTH3 protein was capable of binding to GTP;S. As we mentioned before, there are 19 substitutions in WTH3 relative to Rab6c. Some were located in the predicted GTPbinding domains (10) . In addition, differing from most G protein, WTH3 does not possess any cysteine near its COOH terminus. Therefore, we were interested in determining whether or not WTH3 could bind to a GTP molecule. Consequently, constructs were generated where WTH3 and Rab6c were linked to the GST gene. GST, GST/WTH3, and GST/Rab6c fusion proteins were expressed in E. coli and purified via affinity columns. Purification of the fusion proteins was confirmed on a SDS-PAGE gel (Fig. 1A) . A duplicate gel was also transferred onto a nylon membrane for Western blot analysis where the GST protein antibody was used. Results showed that the fusion proteins and GST were purified (Fig. 1B) .
To test whether the GST/WTH3 fusion protein could bind to GTP, GTPgS binding assays were done where the GST protein and GST/Rab6c fusion protein served as negative and positive controls, respectively. After incubating each protein with [S 35 ]GTPgS, we found that the GST protein bound with [S 35 ]GTPgS at an extremely low level suggesting a nonspecific binding event. However, GST/ WTH3 and GST/Rab6c proteins showed similar binding capabilities with [S 35 ]GTPgS (Fig. 1C) . When excessive amounts of unlabeled GTPgS were added into the reactions before the addition of [S 35 ]GTPgS, both WTH3 and Rab6c fusion proteins no longer bound to [S 35 ]GTPgS (data not shown). This information verified that the binding of the fusion proteins to [S 35 ]GTPgS was specific. Thus, our results showed that the 19 AA substitutions did not influence the WTH3 gene product's GTP-binding activity.
WTH3 was mainly located in the cytoplasm of HeLa cells. Previously, the Echard group located the GFP-coupled Rab6c protein mainly on the membranes of the Golgi apparatus and trans-Golgi network (7). To determine WTH3's protein location, pEGFP/WTH3 and the empty vector, pEGFP-C1 (control), were transfected into HeLa cells where the locations of WTH3 and enhanced green fluorescent protein (EGFP) were visualized under a confocal microscope. We found that most of the WTH3 protein was spread evenly in the cytoplasm and to a lesser extent inside the nuclei, whereas EGFP resided equally in both the cytoplasm and nuclei (Fig. 2) . Identical results were observed when the WTH3 gene was constructed into the pDsRed2-C1 vector where it was tagged with a red fluorescence protein (data not shown). In addition, the Rab6c gene was cloned into pDsRed2-C1 and introduced into HeLa cells where its location was found to be concentrated in the Golgi apparatus (Fig. 2) . The WTH3 gene promoter was identified and cloned into pGL3. Information on the WTH3 gene promoter region was obtained from the NIH Genbank. The WTH3 promoter region contains an atypical TATA box and CAATT box at position À1197 and À1169 corresponding to the translation initiation site. In addition, TATA-or CAATT-like boxes are located at À616 and À576, respectively (Fig. 3A) . We also found that there is a GC-rich zone that extends from À485 into the 5V -end coding region. The GC content is about 72% in the region from À485 to 1, which is also considered a CpG island because it includes 47 CpG sites (Fig. 3A) . Using the Patch Search Program to look for potential consensus domains for existing transcription factors, we found that there is a putative Sp1 binding site (19, 20) located at the 3Vend of a 28-bp repeat sequence (À162 to À134). Putative NF-nB (21, 22) and WT1 (23, 24) domains are also identified in the region from À431 to À408. To test whether the upstream untranslated region contains promoter activity, a sequence ( from À679 to À1) was generated by PCR and cloned into pGL3 to obtain pGL/WTH3P.
A 679-bp sequence in the WTH3 gene's untranslated region contains promoter activity and was differentially regulated in MCF7/WT and MCF7/AdrR. The empty vector pGL3 or pGL/ WTH3P, along with the pCMV/h-galactosidase plasmid that served as transfectional efficiency control, was transiently transfected in parallel into MCF7/WT cells. The promoter driven luciferase activity was measured as compared with the negative control. The result showed that a 679-bp sequence was able to transcribe the luciferase gene because the enzyme activity generated was about 60 times higher than that yielded by pGL3 (Fig. 4A) . To understand the promoter's behavior in MDR cells, it was also introduced into MCF7/ AdrR cells. We found that the WTH3 gene promoter's capability to drive the reporter gene was reduced by >40% of that in MCF7/WT cells (Fig. 4A) . This suggested that the WTH3 gene was differentially regulated in those cells, which was consistent with the results obtained from measuring WTH3 and MDR1 expression levels. WTH3 gene expression was low in MCF7/AdrR, but MDR1 was reactivated, whereas it was high in MCF7/WT, where MDR1 expression was undetected (Fig. 4B-C) . These diversifications could be caused by drug treatment, which induced changes in cis-and/or transelements involved in the WTH3 promoter's function. A reasonable candidate contributing to cis-element changes could be DNA methylation because the WTH3 gene was discovered by the MS-RDA technique (5, 9, 25) . Whereas changes related to trans-elements could be transcription factor variations. To test these hypotheses bisulfite genomic sequencing and EMSA assays were done.
A region (À481 to À305) in the WTH3 promoter was hypermethylated in MCF7/AdrR but not MCF7/WT cells. Bisulfite genomic sequencing assays were done to examine the methylation patterns of CpGs in the GC-rich region that is f500 bp in length (À485 to +22). Briefly, genomic DNAs were isolated from MCF7/ AdrR and MCF7/WT cells and treated with bisulfite, which were then used as templates for PCR amplification to generate two DNA fragments that covered the GC-rich region. The resulting fragments were cloned into the vector. Ten to 20 inserts representing the upper and lower zones of the CpG island in both cell lines were randomly picked for sequencing. We found that the upper zone (À481 to À305) was differentially methylated. The GC content of Figure 3 . A, detailed information of the DNA sequence containing the functional WTH3 gene promoter. TATA-and CCAAT-like boxes and the translational start codon were delineated by thin lined boxes. Primers used for bisulfite genomic DNA sequencing were marked in a gray-colored italic-formatted font. The CpG island involved in differential methylation was marked with bold type and the CpGs that were 100% methylated in MDR but not non-MDR cells were indicated with solid circles. CpGs that were partially methylated in the upper zone of CpG island were indicated with empty circles. Each differentially methylated CpG in the upper zone was numbered. Repeat sequence was underlined. Nucleotides with capital letters represent the putative Sp1 motif. The first letter of the start codon is counted as +1. Regions involved in deletion mutants were marked with thick lined boxes. B, methylation status of CpGs in the upper zone CpG island in the WTH3 gene promoter.
this 176-bp region is about 75% and there are 22 CpGs. Among 10 sequenced clones derived from MCF7/AdrR, CpGs, 1, 2, 3, 6, 20, and 22, were methylated at a 10%, 70% 20%, 40%, 10%, and 10% rate, respectively, whereas the remaining 16 CpGs, which were located in the center of the region, were 100% methylated. However, none of the 22 CpG sites were methylated in MCF7/WT cells (Fig. 3B ). These findings indicated that an epigenetic role was involved in regulating WTH3 gene expression in MDR cells. Because methylated CpGs are potential targets for methyl-binding protein(s) (26) (27) (28) (29) and other negative transcription factors (30) (31) (32) (33) , EMSA assays were done to test this possibility.
Different nuclear proteins in MCF7/WT and MCF7/AdrR were attracted to the methylated and nonmethylated probe. We chose the sequence encompassing À436 to À391 (DMR45) as the EMSA probe because it was very GC rich (f80% GC content) and contained nine CpGs that were all methylated in MDR but not in non-MDR cells (Fig. 3A and B) . In addition, it also contained the putative WT1 and NF-nB motifs. To mimic an in vivo status, nonmethylated DMR45 in MCF7/WT (probe 1, or DMR45) and the methylated version in MCF7/AdrR (probe 2, or mDMR45) were prepared and their binding patterns with nuclear proteins in both cell lines examined. We found that the same two protein complexes in MCF7/WT bound to probe 1 or 2, whereas the other two protein complexes in MCF7/AdrR, which exhibited higher molecular weights than those in MCF7/WT, created identical binding patterns regardless of the probes' methylation status (Fig. 5A) . We also noticed that the methylated probe attracted more proteins with higher molecular weight in both extracts. This observation was confirmed by densitometer analysis: both high molecular weight complexes in MCF7/WT and MCF7/AdrR bound to probe 2 about thrice more than those that bound to probe 1 (Fig. 5A) . In addition, to verify if the probe included the predicted NF-nB and WT1 motifs, we did super EMSA using NF-nB and WT1 antibodies. The results showed that neither of the antibodies was able to shift the original binding patterns for each probe (data not shown).
Different proteins in MCF7/WT and MCF7/AdrR nuclear extracts bound to the repeat (RR28) and RR28 plus Sp1 motif (RRSp1). Whereas analyzing the WTH3 promoter sequence, we uncovered a 28-bp repeat that consisted of two identical 14-bp sequences. In addition, its 3Vend was involved in a putative Sp1 motif (Fig. 3A) . To determine whether this region played a role(s) in regulating WTH3 during MDR development, probes 3 (RR28) and 4 (RRSp1) were prepared to do EMSA using nuclear extracts prepared from MCF7/AdrR and MCF7/WT. The information obtained for probe 3 showed that the binding patterns resulting from the two extracts were easily distinguished: two bands and a single band were generated by MCF7/WT and MCF7/AdrR extracts, respectively (Fig. 5B) . As for probe 4, two bands were exhibited by MCF7/WT and three by MCF7/AdrR nuclear extracts (Fig. 5B) . To test whether the Sp1 protein was among those binding proteins, super EMSA was done using the Sp1 antibody. The result showed that the Sp1 antibody was not able to shift any bands associated with the two extracts (data not shown).
At this moment we have discovered three cis-elements that could be responsible for the WTH3 gene's down regulation in MDR cells. RR28 and RRSp1 were via association with their diverse transfactors and DMR45 was through association with diverse transfactors and differential methylation. To further understand whether those cis-elements influence WTH3 promoter function, they were deleted from the original promoter.
The DMR45 and RR28 sequences had a positive influence on the WTH3 promoter in MCF7/WT cells. To generate promoters without DMR45, a half of RR28 (RR14), or the RRSp1 sequence, a two-tier PCR technique was used. The resulting PCR fragments were cloned into pGL3 to obtain pGL/WTH3/DMR45 À , pGL/WTH3/ RR14 À , and pGL/WTH3/RRSp1 À constructs. These constructs, pGL/WTH3P (positive control), the empty vector (negative control), and pCMV/h-galactosidase were transiently introduced into MCF7/ WT cells. The enzyme activities driven by the mutated promoters were measured and compared with the normal promoter with justification of protein concentrations and transcription efficiency.
The results showed that the activity of the promoter without the DMR45, RR14, or RRSp1 sequence was reduced >40% relative to the wild-type promoter (Fig. 6A) . WTH3/RR14 À and WTH3/RRSp1 MCF7/WT and MCF7/AdrR cells attached to DMR45, RR28, and RRSp1, we were interested in exploring the possible influences of those deletion mutants on the WTH3 promoter in MCF7/AdrR cells. To do so, pGL/WTH3/DMR45 À , pGL/WTH3/RR14 À , and pGL/WTH3/RRSp1 À constructs were transfected into MCF7/AdrR cells. The luciferase activities driven by the mutated promoter were compared with that driven by the original promoter. The results showed that the modified promoters no longer played positive roles as they did in MCF7/WT cells. Instead, they produced slightly higher enzyme activities than the normal promoter (Fig. 6A) . These disparities could be caused by interaction with different proteins. The deletions of RR14 and RRSp1 exhibited similar effects; thus, the Sp1 sequence exhibited no effect on the promoter. Detailed information for each construct in the two host lines is summarized in Fig. 6B .
Discussion
It is common knowledge that many changes happen in cells that develop MDR and multiple mechanisms may individually, or most likely synergistically, result in this phenotype (34) (35) (36) (37) (38) . Unfortunately, many of them are presently unknown. By concentrating our efforts on understanding MDR, we discovered a MDR-related gene, WTH3, via the MS-RDA technique (5, 9, 25) . The present studies provide further evidence that the WTH3 gene could be an important component involved in MDR.
We first examined whether the WTH3 gene product could bind to GTP like its homologues, Rab6 and Rab6c. Therefore, GST/WTH3 fusion proteins along with GST and GST/Rab6c were purified, and their capacity to bind to GTP evaluated. We found that WTH3 and Rab6c similarly bind to GTP confirming that the differences (the 19 substitutions and elongated tail lacking a consensus cysteine compared with Rab6c) in WTH3 do not influence its GTP binding ability. Second, we studied the cellular location of WTH3 using tagged EGFP fluorescence as markers. Differing from the Rab6c protein that was mainly located on the membranes of the Golgi apparatus and to a small amount on the ER (7), most of WTH3 was evenly spread in the cytosol, whereas some was also detected in the nuclei. The lack of a consensus cysteine at the COOH terminus of WTH3, whose role in many G proteins is to associate them to membranes after its fatty acylation, could cause this diversification. Thus, the WTH3 gene's major biological pathway could be different from that associated with Rab6c.
Previous studies showed that there was a correlation between low expression of the WTH3 gene and the MDR phenotype, and increasing its expression in MDR cells reversed the hosts' drug resistance to sensitivity (5) . Therefore, understanding the mechanisms involved in the differential regulation of this gene in MDR and non-MDR cells is important. To do so, we identified the WTH3 gene promoter. As with many other promoters, the promoter region contains an atypical TATA and CCAAT box, as well as a CpG island. Accordingly, we cloned a 679-bp part of the promoter region into pGL3 and its function in MCF7/WT cells was verified by luciferase assays. To see whether this promoter contained elements responsible for WTH3's down-regulation in MDR cells, its activity was also measured in MCF7/AdrR cells. We found that the exogenous promoter functioned significantly stronger in non-MDR compared with MDR cells. Apparently, this result was consistent with earlier observations: endogenous WTH3 gene expression in non-MDR cells was 4 to 15 times higher than that in MDR cells (5) . Based on the existing information, several mechanisms could be involved in the WTH3 promoter's down-regulation: differential DNA methylation and/or alteration of trans-elements.
To test these hypotheses, we first explored possible differential DNA methylation in the WTH3 gene promoter in MDR versus non-MDR cells. DNA methylation is known to exert a negative effect on mammalian gene expression (13, 15, 39) . For example, hypermethylation in the promoter regions of many recessive oncogenes is frequently reported (40) (41) (42) , whereas demethylation of the MDR1 promoter causes its reexpression in MDR cells (43) (44) (45) . To determine the DNA methylation status of the WTH3 promoter in MCF7/AdrR and MCF7/WT, bisulfite genomic sequencing assays were carried Figure 5 . A, EMSA results when nonmethylated DMR45 (probe 1) and methylated DMR45 (mDMR45, or probe 2) probes were used. Lane P1, only the isotope labeled probe 1 that served as the negative control. Lane P1/W, labeled probe 1 and MCF7/WT nuclear extract. Lane P1/W/C, labeled probe 1, 100 times excess of cold probe 1 and MCF7/WT extract. Lane P1/R, labeled probe 1 and MCF7/AdrR extract, whereas P1/R/C contains labeled probe 1, 100 times excess of cold probe 1 and MCF7/AdrR nuclear extract. Lane P2/W, isotope labeled probe 2 and MCF7/WT nuclear extract. Lane P2/W/C, labeled 2 probe, 100 times excess cold probe 2 and MCF7/WT extract. Lane P2/R, labeled probe 2 and MCF7/AdrR extract. Lane P2/R/C, labeled probe 2, 100 times excess of cold probe 2 and MCF7/AdrR nuclear extract. The reactions were loaded on a 4% nondenaturing-PAGE gel. The experiments were repeated thrice. B, EMSA results when the RR28 (probe 3) and RRSp1 (probe 4) probes were used. Lane P3, only labeled probe 3 that served as negative control. Lane RR28/W and RR28/W/C, probe 3 was incubated with the MCF7/WT extract. Lane RR28/W/C, 100 times excess of cold probe 3. Lane RR28/R and RR28/R/C, probe 3 and MCF7/AdrR extract. Lane RR28/R/C, 100 times excess of cold probe 3. Lane RRSp1/W and RRSp1/W/C, probe 4 and MCF7/WT extract. Lane RRSp1/W/C, 100 times excess of cold probe 4. Lane RRSp1/ R and RRSp1/R/C, probe 4 and MCF7/AdrR extract. Lane RRSp1/R/C, 100 times excess of cold probe 4. The samples were loaded on a 4% nondenaturing-PAGE gel. The experiments were repeated thrice.
out. Consequently, the upper zone of the CpG island containing 22 CpGs was determined to be a differentially methylated region where six CpGs were partially methylated and the remaining 16 CpGs were fully methylated in the MDR genome. However, none of the 22 CpGs were methylated in the non-MDR genome. This discovery seemed consistent with the fact that WTH3 was less expressed in MCF7/ AdrR relative to MCF7/WT, which indicated that the WTH3 promoter region's hypermethylation could be one of the mechanisms repressing the gene's transcription in MDR cells.
Accordingly, methylated CpGs could be potential targets for methyl-binding proteins and their copartners (26) (27) (28) (29) (30) (31) (32) (33) . Thus, we were interested in exploring whether any nuclear proteins could bind to the methylated WTH3 promoter region. To do so, we prepared a probe, DMR45, which contained nine fully methylated CpGs in MDR cells, for EMSA assay. We found that two protein complexes in MCF7/AdrR cells bound to the methylated or nonmethyalted DMR45 probes. Because the binding patterns were the same, we assumed that those proteins were identical. In MCF7/ WT cells, two protein complexes, with slightly lower molecular weights than those in MCF7/AdrR, bound to those probes. Based on the binding patterns, we believed that the proteins binding to both methylated and nonmethylated probes could also be the same. Due to the slight difference in molecular weights between the two sources, we do not know if the binding proteins prepared from MCF7/AdrR were modified versions of, or completely different from, those prepared from MCF7/WT. Because mDMR45 attracted thrice more proteins with higher molecular weight than DMR45, the quantitative variation related to DNA methylation could be a more significant factor with regard to the gene expression regulation. Furthermore, the binding proteins prepared from MDR and non-MDR cells bound to both methylated and nonmethylated probes. This suggests that they might not be known CpG-binding proteins, such as MeCP2, MBD1, and MBD2 (26) (27) (28) (29) , which only recognize methylated CpGs, and along with other corepressors, such as histone deacetylases, Sin3, histone methyltransferase, etc. (30-33) inhibit gene transcription. They are also not the dual protein, Kaiso, a zinc finger transcription factor recognizing the specific sequence and methyl-CpG dinucleotides (46, 47) . This is because there is no Kaiso motif in the DMR45 probe.
Sequence analysis found the RR28 repeat sequence in the WTH3 promoter. To explore this element's possible involvement in WTH3 gene regulation, we first tested whether they were the targets of nuclear proteins. EMSA results using RR28 and RR28Sp1 as probes showed that they were targeted by different proteins in MCF7/ AdrR and MCF7/WT cells, which suggested that drug treatment altered the trans-elements that could result in WTH3's downregulation in MDR cells. Thus far, DMR45, RR28, and RRSp1 could have potential roles in differentially regulating WTH3 in those cell lines. To further understand their importance, they were deleted from the promoter and linked to the luciferase reporter gene. Luciferase activity analyses indicated that DMR45 and RR28 exhibited positive effects on the promoter in MCF7/WT cells. Therefore, the proteins binding to DMR45 and RR28 in those cells could be positive trans-factors. However, such positive effects were missing in MCF7/AdrR cells. This fundamental shift could be due to changes in the corresponding trans-factors induced by the drug. Instead, DMR45 and RR28 could interact with negative regulators.
In summary, current data indicates that WTH3 encodes a G protein and is located in the cytoplasm. In addition, its promoter is differentially regulated in MDR cells via at least two mechanisms: differential DNA methylation and transcriptional factor modulation. Because deletion of DMR45 or RR28 only partially reduced the promoter's activity, hypermethylation of DMR45 or changing transfactors of RR28 was not sufficient to explain the level of down regulation of WTH3 expression in MCF7/AdrR cells. Therefore, additional regulatory cis-and/or trans-elements, as well as other mechanisms could be involved. A recent study indicated that the WTH3 gene's copy number varies in the normal population and the authors raised a question of whether there is a relationship between its susceptibility and MDR (48) . Clearly, studying WTH3 gene function from different perspectives and molecular levels could elucidate its biological functions and pathway(s), which will lead to a better understanding of MDR development.
